A mutant unable to utilize galactose was isolated in Sinorhizobium meliloti strain Rm1021. The mutation was found to be in a gene annotated dgoK1, a putative 2-keto-3-deoxygalactonokinase. The genetic region was isolated on a complementing cosmid and subsequently characterized. Based on genetic and bioinformatic evidence, the locus encodes all five enzymes (galD, dgoK, dgoA, SMc00883, and ilvD1) involved in the De Ley-Doudoroff pathway for galactose catabolism. Although all five genes are present, genetic analysis suggests that the galactonase (SMc00883) and the dehydratase (ilvD1) are dispensable with respect to the ability to catabolize galactose. In addition, we show that the transport of galactose is partially facilitated by the arabinose transporter (AraABC) and that both glucose and galactose compete with arabinose for transport. Quantitative reverse transcription-PCR (qRT-PCR) data show that in a dgoK background, the galactose locus is constitutively expressed, and the induction of the ara locus seems to be enhanced. Assays of competition for nodule occupancy show that the inability to catabolize galactose is correlated with an increased ability to compete for nodule occupancy.
S
inorhizobium meliloti is a Gram-negative soil microbe that is capable of fixing atmospheric nitrogen in a symbiotic relationship with legumes such as alfalfa (Medicago sativa). It also exists as a free-living saprophytic organism in the soil. Within the rhizosphere, plants exude an array of organic compounds, including the signaling molecules that lead to the establishment of symbiosis between rhizobia and their host plants (46) . A problem in agriculture is the inability of commercial rhizobial inoculums to effectively compete with indigenous strains for nodule occupancy. This limits the ability of inoculums to increase legume crop yields (58) . Several studies have shown that the ability to utilize organic compounds is important for competition for nodule occupancy in S. meliloti and Rhizobium leguminosarum (13, 21, 32, 35, 47, 60, 61) .
One approach to isolating genetic determinants that affect competition for nodule occupancy is to identify catabolic genes involved in the utilization of sugars which are prevalent in plant exudates. Pea mucilage has been shown to support the growth of R. leguminosarum. An analysis of its sugar composition identified arabinose and galactose as accounting for over 60% of sugars in pea mucilage (34) . The genetic locus for arabinose catabolism has been identified in S. meliloti; however, the inability to catabolize arabinose did not significantly affect competition for nodule occupancy (52) . Alfalfa seed wash and root wash have been shown to contain galactose as well as several different galactosides. Additionally, a promoter for the ␣-galactoside transport gene melA (pmelA) is inducible by these compounds and was shown previously to be induced in the rhizosphere of alfalfa seedlings in sterilized and unsterilized soil (7) . Galactose is present in plant cell walls as many different galacturonans and galactans (41) . Plantderived polygalacturonase, an enzyme associated with cell wall degradation, has been shown to be induced during infections of Medicago sativa by S. meliloti (45) . Therefore, galactose utilization may be important during infection of the plant as well as during the colonization of the rhizosphere.
Galactose is catabolized through the De Ley-Doudoroff (DD) pathway in S. meliloti rather than the highly conserved Leloir pathway (5) . The initial step of the DD pathway is the reduction of D-galactose to D-galactono-␥-lactone by a galactose dehydrogenase; D-galactono-␥-lactone is then used in a lactonase reaction to generate D-galactonate, and D-galactonate is dehydrated to 2-keto-3-deoxygalactonate, which is phosphorylated to produce 2-keto-3-deoxy-6-phosphogalactonate (KDP-gal). The pathway culminates with a KDP-gal aldolase reaction, which produces pyruvate and D-glyceraldehyde 3-phosphate (12) . These five enzymatic activities were identified in S. meliloti and shown to be inducible by galactose. A galactose mutant lacking KDP-gal aldolase activity was isolated and was shown to be unable to utilize galactose as a sole carbon source (5) .
In this work, we identify a genetic locus involved in galactose catabolism on the chromosome of S. meliloti. We show that the transport of galactose is redundant and partially facilitated by the arabinose transporter AraABC. Finally, we demonstrate unusual regulation in a mutant of galactose metabolism and show that this mutant has an increased ability to compete for nodule occupancy compared to that of the wild-type strain. To our knowledge, this is a unique phenotype for a catabolic mutant in the rhizobia.
MATERIALS AND METHODS
Bacterial strains, plasmids, and media. Bacterial strains and plasmids used and generated in this work are listed in Table 1 . S. meliloti strains were grown routinely at 30°C in either Luria-Bertani (LB) medium as a complex medium (56) or Vincent's minimal medium (VMM) as a defined medium (59) . Carbon sources were filter sterilized and added to VMM to a final concentration of 15 mM unless otherwise stated. Seed exudate was prepared as previously described (44) . When required, S. meliloti and Escherichia coli strains were grown with the following antibiotics: chloramphenicol (Cm) at 20 g/ml, gentamicin (Gm) at 20 or 60 g/ml, kanamycin (Km) at 20 g/ml, neomycin (Nm) at 200 g/ml, rifampin (Rf) at 50 g/ml, streptomycin (Sm) at 200 g/ml, and tetracycline (Tc) at 5 g/ml. All antibiotics were filter sterilized before use. Agrobacterium tumefaciens strains were grown at 30°C in MG/L medium (62) (containing Tc at 10 g/ml when relevant) and induction broth (IB) containing 10 mM galactose and 5 M acetosyringone, as previously described (8) .
Genetic techniques. Conjugations and transductions were carried out essentially as previously described (16, 19) . Since selecting A348 derivatives with Tc can result in the activation of a cryptic Tc r gene (38) , Tcresistant A. tumefaciens transconjugants were screened for the presence of plasmids by using Eckhardt gel electrophoresis (30) . Random Tn5 mutagenesis of Rm1021 was carried out by using pRK602, as previously described, to generate SRmD144 (17) . A cosmid bank was mated en masse into SRmD144, and pAA10 was isolated based on the ability to complement SRmD144 for galactose utilization (20) . The ends of the cosmid were sequenced to ensure that it contained the entire galactose locus. Mutagenesis of the cosmid was carried out by mating pAA10 into EcA101 (11) and selecting for the cotransfer of the cosmid and a Tn5::B20 marker when mated out of EcA101 and into DH5␣ Rif (52) . pRH1 was identified based on the inability to complement SRmD144 for galactose utilization. Tn5-B20 in pRH1 was then recombined into the chromosome of Rm1021 using pPH1JI, as previously described, to generate SRmD298 (25) . The positions of Tn5 and Tn5-B20 insertions were verified by using arbitrary PCR as previously described (43, 52) . In addition, phenotypes were shown to be 100% cotransducible with Nm r encoded by Tn5. DNA manipulations. Standard techniques were used for plasmid isolation, restriction enzyme digests, ligations, transformations, and agarose gel electrophoresis (56) . Nucleotide sequencing was carried out by cycle sequencing using a BigDye, version 3.1, kit. Sequencing reactions were carried out as recommended by the manufacturer and resolved by using an ABI 3130 sequencer.
To construct single-crossover mutants of dgoA, SMc00883, and ilvD1, approximately 400-bp internal fragments of the genes were amplified by using Rm1021 genomic DNA as the template. The amplicon was restricted and ligated into the suicide vector pKNOCK-Gm to create pBG58, pBG60, and pBG62 in DH5␣ pir (2). Plasmids were conjugated into Rm1021, and single crossovers were selected by using Sm and Gm as previously described (55) . Single-crossover mutations were confirmed by PCR and linkage in transduction to Tn5 of SRmD144.
To construct plasmids expressing araA or dgoK1, the Gateway-compatible destination vector pCO37 was used. pCO37 is a derivative of broad-host-range plasmid pRK7813, which contains attB sites (31) . This facilitated the recombination of araA and dgoK1 from an S. meliloti ORFeome entry vector into pCO37 as previously described (24) . The identities of the resulting plasmids were confirmed by sequencing of the inserts.
To construct pBG65, pUC19Mob plasmid pSL4 was digested with EcoRI to release a 3-kb EcoRI fragment containing chvE and gbpR of A. tumefaciens. This fragment was codigested with pRK7813, ligated, and transformed into E. coli. The resulting plasmid was purified and analyzed by restriction digestion, followed by the sequencing of the ends of the 3-kb insertion to confirm the construction.
Nondenaturing gel electrophoresis and dehydrogenase assays. Cells were grown in defined medium, cell-free lysates were prepared, and samples were separated by using nondenaturing polyacrylamide gel electrophoresis (PAGE) as previously described (48) . Gels were developed by using a p-nitroblue tetrazolium-based dehydrogenase stain as previously described (37) . Samples were incubated either with or without NAD ϩ or NADP ϩ , in the presence or absence of a substrate, to determine the specificity of activity bands.
Transport competition assays. Sugar uptake was measured by using [1- ). Transport competition assays were carried out essentially as previously described, with the following modifications (23, 52) . The assay was initiated by the addition of 1 M labeled arabinose to a cell culture, which was grown in defined medium, washed twice, and resuspended to an optical density at 600 nm (OD 600 ) of 0.1 to 0.3. To measure competition, 15 M unlabeled sugar was added with the labeled arabinose to compete for uptake. Aliquots were withdrawn at 10-to 40-s time points for [ RNA isolation, cDNA synthesis, and quantitative RT-PCR. Bacterial cultures were grown to an OD 600 of approximately 0.4 in defined medium or undiluted seed exudate. Cells were harvested by centrifugation and resuspended in TE (10 mM Tris, 1 mM EDTA [pH 8]) buffer with lysozyme (0.4 mg/ml). RNA was then isolated by using the Qiagen RNeasy kit as previously described (24) . Approximately 200 ng of cDNA sample was used as a template for quantitative reverse transcription-PCR (qRT-PCR). Reactions were performed by using the SYBR green RT-PCR kit from Invitrogen, as recommended by the manufacturer. RT-PCR was performed by using a Cepheid Smart Cycler with the following program: stage 1 consisted of 95°C for 120 s one time; stage 2 consisted of 95°C for 15 s followed by 60°C for 30 s, repeated 40 times; and stage 3 was a melting-curve analysis of PCR products. Primers unique to this work included galDF (CGGATCGATCGTCAATTTCT), galDR (ATTCTTCC GTGCGCCACAAG), araAF (GAGGGTCTGAAGCTCGACAG), araAR (ATCGACAGAACCGTCATAGGG), dgoAF (AGCGGCCTCAAGTTCT TTC), and dgoAR (TAGTCGGCGAAATTGACCTC). SMc00128 was used as a reference gene because its expression levels were shown previously to be similar under a number of different conditions (36) .
Assays of competition for nodule occupancy. Alfalfa seeds were surface sterilized and germinated on water-agar plates before planting in nitrogen-free medium. Competition for nodule occupancy was assessed by inoculating plants after 3 days of growth with a mixture of Rm1021 and SRmD144 at ratios of 1:1 and 5:1, respectively. Cultures of both strains were grown and diluted to the same OD 600 . A mixture of the strains was diluted 100-fold into 10 ml of sterile distilled water. Serial dilutions of the mixed inoculum were spread plated onto LB agar plates, and at least 50 colonies were patched onto the appropriate antibiotics to differentiate the proportion of each strain in the inoculum. Plants were inoculated with the 10-ml inoculum mixture and grown for 28 to 35 days, after which root nodules were manually removed. At least 50 root nodules from each experiment were sterilized and crushed into 100 l sterile distilled water. Aliquots of each nodule extract were spotted onto LB plates containing antibiotics for strain differentiation. Competition was assessed by comparing the proportion of the mutant strain found in the inoculum to the proportion that was isolated from nodules. Significance was evaluated by using a paired t test, assuming that a P value of less than 0.05 indicated a significant difference in competitiveness.
␤-Galactosidase assays. A. tumefaciens cells maintaining plasmids were subcultured from MG/L medium and grown overnight to an OD 600 of approximately 0.5 in induction broth containing 10 mM galactose and 5 M acetosyringone. ␤-Galactosidase assays were performed essentially as described previously (11) . Three independent biological replicates were grown and used for the ␤-galactosidase assay.
RESULTS

Identification of the galactose locus.
In order to identify the locus for galactose catabolism in S. meliloti, random Tn5 mutagenesis of wild-type strain Rm1021 was performed. Approximately 5,000 mutants that contained Tn5 insertions were screened on defined medium that contained galactose as a sole carbon source. One mutant, SRmA144, that was unable to utilize galactose as a sole carbon source but was able to utilize glycerol and glucose was isolated. Utilizing an arbitrary PCR protocol, a fragment adjacent to the insert was generated and sequenced (53) . A BLASTN search of the S. meliloti database was performed by using the nucleotide sequence of this amplicon, and the gene containing Tn5 was identified on the chromosome as dgoK1 (systematic identifier, SMc00881) (Fig. 1) .
The locus surrounding dgoK1 contains 4 other annotated open reading frames (ORFs) encoded on the same strand as dgoK1 (Fig.  1) . Analysis of the predicted protein coding sequences of dgoK1 and surrounding genes was carried out by using InterPro Scan (29) and BLASTP (3). As its annotation suggests, dgoK1 is predicted to encode a 2-keto-3-deoxy galactonokinase (IPR007729). The gene immediately upstream of dgoK1 was designated fabG2 (suggested annotation, galD) and is predicted to encode a NAD ϩ or NADP ϩ binding short-chain dehydrogenase (IPR002198). The gene immediately downstream of dgoK1 is designated dgoA. It belongs to IPR000887, which includes 2-keto-3-deoxy-6-phos-phogluconate (KDPG) aldolase. The remaining two genes are downstream of dgoA. One is unannotated and is represented by the systematic identification number SMc00883, and the other is designated ilvD1. SMc00883 has some similarity to the IPR013568 family, which includes gluconolactonases. Finally, ilvD1 is predicted to encode a dehydratase belonging to IPR000581, which includes 6-phosphogluconate dehydratases. Based on our analysis of the protein coding sequences predicted to be encoded by genes at this locus, we hypothesized that the locus encodes all five of the enzymes of the De Ley-Doudoroff pathway of galactose catabolism (Fig. 1) .
Genetic characterization of the galactose locus. To test the hypothesis that this locus contained all the genes necessary for the De Ley-Doudoroff pathway, a complementing cosmid was first isolated. A cosmid bank was mated en masse into SRmD144. Transconjugants were selected for their ability to utilize galactose as a sole carbon source on defined medium, and the resulting complementing cosmid, pAA10, was isolated. Subsequent Tn5-B20 mutagenesis of pAA10 yielded a single insert, which was unable to complement SRmD144 for galactose utilization. Tn5-B20 was found within the first gene in the locus, previously designated fabG2. This insert was subsequently recombined into the chromosome, creating SRmD298. SRmD298 was unable to utilize galactose as a sole carbon source. Based on bioinformatic analysis, gene context, and biochemical evidence (see below), this gene was renamed galD (galactose dehydrogenase).
Since the mutagenesis of pAA10 did not yield inserts in dgoA, SMc00883, or ilvD1, it was decided that mutations should be constructed in each of the remaining genes. Single-crossover mutations were constructed by using internal fragments from dgoK1, SMc00883, and ilvD1 that were cloned into pKNOCK-Gm and mobilized into Rm1021 to construct SRmD311, SRmD312, and SRmD313, respectively.
Mutations in the galactose locus were screened for their ability to grow on defined medium with galactose as a sole carbon source and tested for complementation by pAA10, pRH1, and pBG56 (Table 2 ). SRmD144 (dgoK1), SRmD298 (galD)
Mutants were also screened for the ability to grow on defined medium that contained both 15 mM glycerol and 0.5 mM galactose as carbon sources. SRmD144 (dgoK1), SRmD298 (galD), SRmD312 (SMc00883), and SRmD313 (ilvD1) were able to grow in the presence of both sugars, whereas SRmD311 (dgoA) did not grow (data not shown). This type of toxic phenotype was previously suggested to be the result of the buildup of a phosphorylated intermediate (1, 24, 51, 55) . The inability of a dgoA mutant to grow on this medium is consistent with the placement of the aldolase reaction in the De Ley-Doudoroff pathway following phosphorylation, presumably carried out by DgoK1.
Mutants carrying plasmids were also tested for a toxic phenotype (data not shown). SRmD311 was complemented by pAA10 for the ability to grow on glycerol and galactose. Although SRmD298 (galD) was able to grow on glycerol and galactose, it was unable to grow when carrying pBG56 (dgoK1). We hypothesized that SRmD298 was polar on dgoK1 and dgoA, and the presence of a heterologous copy of dgoK1 allowed galactose to be catabolized to the phosphorylated intermediate KDP-gal in the absence of galD and dgoA. Therefore, galD may not be required for galactose catabolism. To provide evidence that SRmD298 was polar on dgoK1 and dgoA, we performed a qRT-PCR analysis of dgoA ex- pression in SRmD298 and SRmD144 (data not shown). The transcription of dgoA was detected in SRmD144 but not SRmD298. GalD is a galactose dehydrogenase. Annotation suggested that galD encodes the galactose dehydrogenase used during the De Ley-Doudoroff pathway. However, genetic data suggested that galD may not be necessary for galactose utilization. To provide evidence that galD encodes a galactose dehydrogenase, we wished to demonstrate biochemical activity. Since both NAD ϩ -and NADP ϩ -dependent galactose dehydrogenase activities were previously observed for Rhizobium meliloti L5-30 (5), it was reasoned that isozyme analysis might be more likely to provide unambiguous evidence. galD mutant strain SRmD298 and wild-type strain Rm1021 were grown in defined medium with either glycerol or glycerol and galactose as carbon sources. Cell extracts were separated by using nondenaturing PAGE and were stained for galactose dehydrogenase activity, in both the presence and absence of galactose, in assay mixtures that contained either NAD ϩ or NADP ϩ . Faint bands of activities that were independent of the growth condition, substrate, and either NAD ϩ or NADP ϩ were observed ( Fig. 2B and D) . Two prominent bands of activities appeared to be inducible by growth on a medium containing galactose (Fig. 2) . Whereas two distinct bands were present in the galactose-induced wild-type lane, the upper band was absent from extracts of galactose-grown SRmD298 cells, suggesting that this band corresponds to the activity encoded by galD (Fig. 2) . We note that this activity band was significantly more prominent in the presence of NAD ϩ than in the presence of NADP ϩ , suggesting that GalD may have a preference for NAD ϩ . The lower band of unidentified galactoseinduced dehydrogenase activity appeared to be more prominent in the presence of NADP ϩ . Interestingly, if arabinose was used as a substrate rather than galactose, a single activity band was found, which appeared to colocalize with the lower band of dehydrogenase activity, using both NAD ϩ and NADP ϩ (data not shown). Identification of a galactose transporter. Candidate transporter genes were not identified by Tn5 mutagenesis. Therefore, a more directed approach was taken toward identifying a galactose transporter. A number of ABC transporters were previously shown to be induced by galactose or galactosides (40) , specifically the ABC transporters that carry SMa0203 (induced 19-fold by galactose), SMb21343 (induced 6-fold by galactose), and SMb20931 (induced by ␣-and ␤-galactosides and 2-fold by galactose). Since mutations were previously isolated in these regions (50), these mutants were screened for the ability to use galactose as a sole carbon source on defined medium and were found to grow as well as wild-type strain Rm1021 (data not shown). The remaining genes that were identified to be induced by galactose and galactosides were ␣-galactoside transport (agpA) and ␤-galactoside transport (lacE) genes (40) . Mutants of these genes were previously shown to be able to utilize galactose as a sole carbon source, so they were not tested further (9, 22) .
A bioinformatic approach was also used to try to identify galactose transport genes. The JGI-IMG Orthologue Neighborhood viewer was used to analyze the region surrounding homologues of dgoK1 in related organisms (39) . We identified a set of three transport genes encoded downstream of a dgoK1 homologue in Brucella sp. These genes were previously characterized in Brucella suis and were shown to be necessary for galactose utilization (4) . A BLASTP search of these transporter genes in the S. meliloti genome revealed that they shared 70 to 75% identity with araABC of S. meliloti.
A previous characterization of araABC in S. meliloti demonstrated that they were necessary for arabinose but not galactose utilization (52) . This was concluded on the basis of an araA mutant, SRmA503, being able to grow on solid defined medium with galactose. To further investigate whether araABC might play a role in galactose utilization, the growth rate of an araA mutant in liquid defined medium was determined. We found that SRmA503 grew significantly more slowly than the wild type on defined medium containing galactose (P Ͻ 0.025), whereas the growth rates on other carbon sources, including glycerol, glucose, xylose, and fucose, were not significantly different from that of Rm1021 (Table 3). It was hypothesized that AraABC plays a role in galactose transport in S. meliloti; however, the transport of galactose into the cell is likely also facilitated by other transporters.
Galactose and glucose compete with arabinose for transport. It was previously shown that the transporter encoded by araABC was required for the intracellular accumulation of [ 3 H]arabinose and [
14 C]arabinose (52) . To directly test the ability of AraABC to transport galactose, competition assays using unlabeled sugars to compete with radiolabeled arabinose for uptake were conducted. In the absence of a competing sugar, we observed levels of 3 H accumulation similar to those previously reported (Fig. 3) (52) . When the assay was repeated with a 15:1 ratio of unlabeled arabinose to [ 3 H]arabinose, radiolabel accumulation was reduced to background levels. An identical assay was carried out using unlabeled galactose, glucose, fucose, and xylose at a ratio of 15:1 to test whether any of these sugars could compete with arabinose for transport. We found that when galactose or glucose was added, the accumulation of radiolabel was significantly reduced (Fig. 3) . Competition with fucose did not significantly reduce radiolabel accumulation, while competition with xylose moderately reduced radiolabel accumulation (Fig. 3) . Fructose, xylose, ribose, mannose, and rhamnose were also tested for competition with [
3 H]arabinose for uptake and showed no significant differences compared to uptake levels in the absence of a competing sugar (data not shown). The assay was repeated using glucose and galactose as competing sugars with [ 14 C]arabinose, and similar trends were observed (data not shown). The data are consistent with the hypothesis that the transport of glucose and galactose can be facilitated by AraABC.
Induction of the galactose locus. The locus that contains araABC was previously shown to be inducible by arabinose, galactose, and seed exudate (52) . Since galactose is found in high concentrations in plant secretions (34), we hypothesized that the galactose locus that we identified would also be induced by these compounds. We used qRT-PCR to investigate the induction of the galactose locus with primers for galD as a representative measure of the gene expression of the locus (Table 4) . Induction was measured in the wild-type Rm1021 background and the galactose mutants SRmD144 and SRmD298. The effects on gene expression in SRmD298 and SRmD144 were consistent; therefore, only results for SRmD144 are shown. a Doubling times were calculated from cultures grown in defined medium over an 8-h time interval. All cultures were in the mid-log phase over the entire time interval. Numbers represent the means Ϯ standard deviations of data from 3 independent cultures. The doubling time was calculated as ln (2) (35) . Results are from 3 independent biological replicates. The standard error between experiments was within 1 cycle threshold (2-fold change). NC indicates no significant change in the expression level. b Glycerol was included as a carbon source to support mutant growth.
Rm1021 cells grown in defined medium containing galactose showed an induction of the galactose locus compared to cells grown in defined medium with glycerol. The induction of galD was modest (4-fold) compared to inductions that were previously observed for other catabolic genes using qRT-PCR (24) . A significant induction of galD by arabinose or seed exudate was not observed for Rm1021. The level of gene expression in dgoK1 mutant cells grown on defined medium containing only glycerol was comparable to levels of galD gene expression found for Rm1021 cells grown on galactose (Table 4 ). This suggests that galD is constitutively expressed in a dgoK1 background.
Inability to catabolize galactose affects araABC expression. Since the transport genes araABC have been shown to be induced by galactose (52), we were interested in determining if the transcription of araABC was also affected in the dgoK background. In the wild-type background, a strong induction of araA was observed for cells grown on arabinose, and a more moderate induction was observed for cells grown on galactose or seed exudate (Table 5) . These results are consistent with the induction of this locus that was previously reported (52) . In a dgoK1 background, we found that while we did not observe a constitutive expression of araA, we did observe an increased induction of the arabinose locus by galactose and seed exudate (Table 5) .
SRmD144 is more competitive than Rm1021 for nodule occupancy. Our interest in galactose catabolism stemmed from the hypothesis that the catabolism of sugars that are present in high concentrations in the rhizosphere and in plant cell walls may be important for competition for nodule occupancy. To determine if galactose catabolism was important for competition for nodule occupancy, SRmD144 and Rm1021 were competed and scored for nodule occupancy.
Initial competition experiments used approximately equal proportions of the wild type and the mutant. The results of these experiments suggested that a significantly greater proportion of nodules contained SRmD144 (data not shown). To verify this, the experiment was repeated using wild-type cells in significantly higher concentrations in the inoculum (ratio of approximately 5:1). The results support our initial findings that SRmD144 is significantly more competitive for nodule occupancy than wildtype strain Rm1021. araA does not complement an Agrobacterium chvE mutant for virulence. The araA homologue in A. tumefaciens, chvE, encodes a sugar binding protein that plays a role in the control of virulence gene expression in response to sugar binding during infection of plants (27) . It was hypothesized that AraA may be playing a similar role in S. meliloti, since the level of induction of araA by seed exudate was drastically increased in SRmD144, and that it may be involved in the increased competition phenotype. We reasoned that if araA was playing a similar role in S. meliloti, it may be able to complement an Agrobacterium chvE mutant for virulence gene induction. To test this, we used A. tumefaciens virE reporter strains AT11043 (virE358::Tn3-HoHo1) and AT11055 (virE358::Tn3-HoHo1 chvE::Tn5). The induction of virE in these strains was previously measured by a ␤-galactosidase assay and was shown to be dependent on the presence of chvE (8) .
Plasmids pBG57, pBG65, and pZW3 were conjugated into AT11055 and compared for their abilities to complement virE induction (Table 6 ). We observed ␤-galactosidase levels indicative of virE induction similar to those previously observed for AT11043 (8) . An induction of virE in chvE mutant strain AT11055 was not achieved under these conditions. When the transconjugant harboring a copy of chvE on pBG65 was assayed, the expression of virE was restored. Neither construct containing the heterologous S. meliloti homologue araA (pBG57 or pZW3) was able to complement AT11055 for virE induction. Our results suggest that araA of S. meliloti cannot complement a chvE mutant of A. tumefaciens for virulence gene induction.
DISCUSSION
In this work, we have identified a locus required for galactose catabolism. To our knowledge, this is the first report to identify the genes necessary for galactose catabolism in S. meliloti. It was shown previously that galactose catabolism in S. meliloti proceeds via the De Ley-Doudoroff pathway rather than the more highly conserved Leloir pathway (5). The De Ley-Doudoroff pathway is carried out by a galactose dehydrogenase, lactonase, D-galactonate dehydratase, 2-keto-3-deoxy-galactonokinase, and a 2-keto-3-deoxy-6-phosphogalactonate aldolase. Sequence analysis suggested that the locus that we identified had the capacity to encode each of these enzymes using galD, SMc00883, ilvD1, dgoK1, and dgoA, respectively (Fig. 1) . Despite the close correlation between the annotation of genes in the locus and the enzymes required for the De LeyDoudoroff pathway, SMc00883 and ilvD1 were dispensable for galactose catabolism (Table 2) . Previously, enzymatic activities in the De Ley-Doudoroff pathway were shown to be inducible by L-arabinose as well as galactose (5) . It is of note that the first three steps of galactose and arabinose catabolism in S. meliloti proceed through intermediates with similar stereochemistries (5, 15) . It was suggested previously that the dehydrogenase, lactonase, and dehydratase activities that were observed could be redundant (5) . We have shown that the galactose locus is not inducible by arabinose (Table 4) . Taken together with the ability of SMc00883 and ilvD1 mutants to grow using galactose as a sole carbon source, our data are consistent with the suggestion that these activities are redundant in S. meliloti. Since the redundant activities were inducible by L-arabinose, and the previously characterized L-arabinose locus of S. meliloti contains a dehydratase (araF) (52) that shares 65% identity with ilvD1 at the amino acid sequence level, we constructed the double mutant SRmD315 (araF::Tn5-B20 ilvD1::pKNOCK-Gm). SRmD315 was still able to utilize galactose as a sole carbon source (data not shown). A characterization of the arabinose locus showed that arabinose dehydrogenase and lactonase activities were encoded elsewhere in the genome (52) . It is possible that these genes are also functionally redundant with genes in the galactose locus.
Although genetic evidence suggested that galD may not be necessary for galactose catabolism, biochemical evidence clearly shows that galD encodes a NAD ϩ /NADP ϩ galactose dehydrogenase (Fig. 2) . These findings are consistent with the previous work which showed that galactose induced both NAD ϩ -and NADP ϩ -dependent galactose dehydrogenase activities (5). Additionally, a second nonspecific dehydrogenase with activity on galactose was also observed. It is possible that galD encodes the biologically relevant galactose dehydrogenase, but we note that galactose dehydrogenase activity is also redundant with a nonspecific dehydrogenase (Fig. 2) .
Despite extensive random mutagenesis and directed mutations of ABC transporters that were shown previously to be inducible by galactose (40), we were unable to isolate a transporter mutant that was unable to utilize galactose as a sole carbon source. However, bioinformatic evidence led us to investigate the arabinose transporter AraABC for its ability to transport galactose. SRmA503 (araA::Tn5-B20) was shown to grow more slowly using galactose as a sole carbon source than the wild-type strain (Table 3) . Furthermore, transport competition experiments showed that galactose as well as glucose compete directly with arabinose for transport. The pentose xylose was also able to partially compete with arabinose for transport (Fig. 3) . The ability of AraABC to transport multiple sugars is consistent with phenotypes observed for homologous transporters in Brucella suis and Agrobacterium tumefaciens. In B. suis, mutants of the araABC homologue chvE-gguAB were impaired for growth using glucose, galactose, arabinose, xylose, fucose, and mannose as the sole carbon sources (4) . Homologues in A. tumefaciens (chvE-mmsAB) were recently shown to play a role in glucose, galactose, arabinose, fucose, and xylose transport (63) . Note that although AraABC may be able to facilitate galactose and glucose transport, it is likely that S. meliloti encodes other transporters for these sugars, as it was shown previously that the uptake of radiolabeled glucose is not reduced in SRmA503 (52) .
We have shown here that a mutant of galactose catabolism, SRmD144, is more competitive for nodule occupancy than the wild-type strain (Fig. 4) . This phenotype is in distinct contrast to previously investigated catabolic mutants with regard to symbiotic proficiency. The utilization of several carbon sources, including glycerol, erythritol, rhamnose, inositol, and proline, has been shown to be an important trait for competition for nodule occupancy in R. leguminosarum and S. meliloti (13, 21, 32, 35, 47, 61) . To our knowledge, this is the first catabolic mutant that has been shown to have an increased ability to compete for nodule occupancy. It is noteworthy that the regulation in SRmD144 is unusual, and regulatory phenotypes, including the constitutive expression of the galactose locus and the enhanced induction of the arabinose locus, were observed (Tables 4 and 5 ). Therefore, it is possible that the symbiotic proficiency phenotype may be a result of regulatory effects on other loci that are involved in symbiotic competition rather than the inability to catabolize galactose. We are currently investigating this further. In addition, competition phenotypes have not been conserved among rhizobia (24, 61) ; therefore, it would be interesting to investigate whether mutants of galactose catabolism in other rhizobia would result in a similar increased competition phenotype.
